Motivation: Numerous experimental studies have suggested that polypeptide chains of large amyloidogenic regions zig-zag in b-serpentine arrangements. These b-serpentines are stacked axially and form the superpleated b-structure. Despite this progress in the understanding of amyloid folds, the determination of their 3D structure at the atomic level is still a problem due to the polymorphism of these fibrils and incompleteness of experimental structural data. Today, the way to get insight into the atomic structure of amyloids is a combination of experimental studies with bioinformatics. Results: We developed a computer program BetaSerpentine that reconstructs b-serpentine arrangements from individual b-arches predicted by ArchCandy program and ranks them in order of preference. It was shown that the BetaSerpentine program in combination with the experimental data can be used to gain insight into the detailed 3D structure of amyloids. It opens avenues to the structure-based interpretation and design of the experiments. Availability and implementation: BetaSerpentine webserver can be accessed through website:
Introduction
A broad range of human diseases including the transmissible prion diseases are linked to the formation of insoluble, fibrous, protein aggregates called amyloid fibrils. In some organisms amyloid structures can also have important, 'beneficial' functions (reviewed in Blanco et al., 2012; Liebman and Chernoff, 2012; Nizhnikov et al., 2016; Sugiyama and Tanaka, 2014) . Despite considerable interest the structural arrangement of amyloid fibrils was barely understood compared with soluble proteins until recently [according to the Protein Data Bank (PDB), www.rcsb.org, described in Berman et al., 2000] . This circumstance is attributed in part to the fact that conventional experimental methods capable of determining high-resolution structure cannot be used because of the insolubility of fibrils. Furthermore, due to the different structural architecture of amyloid fibrils and globular proteins, most of the previously developed methods of structural prediction [secondary structure prediction, HMM-based methods, such as, for example, PSIPRED (Buchan et al., 2013) or HHpred (Alva et al., 2016) ] cannot be applied to amyloids ( Supplementary Fig. S1 ). The recent progress in the understanding of the amyloid structure has stemmed largely from the application of experimental techniques such as solid state nuclear magnetic resonance, cryo-electron microscopy and scanning transmission electron microscopy mass measurements (reviewed in Nelson and Eisenberg, 2006; Steven et al., 2016) . It has been shown that the core of a majority of disease-related amyloid fibrils is a columnar structure produced by stacking of b-strand-loop-bstrand motifs called 'b-arches' (Colvin et al., 2016; Gorkovskiy et al., 2014; Groveman et al., 2014; Helmus et al., 2011; Kajava et al., 2004 Kajava et al., , 2010 Luckgei et al., 2013; Lü hrs et al., 2005; Rodriguez et al., 2015; Vilar et al., 2008; Weirich et al., 2016) . In a b-arch two bstrands interact via their side chains, not via H-bonds of the polypeptide backbone as in a conventional b-hairpin (Fig. 1) . The loop region between two b-strands is called b-arc. When the b-arch is stacked into fibrillar structure called a 'b-arcade', its two strands are integrated into two different b-sheets. Using this structural insight we developed ArchCandy computer program to predict amyloidogenicity of proteins based on their sequence information (Ahmed et al., 2015) . The ArchCandy estimates the probability of a given sequence to form the b-arcade. Initially, for the estimation of the probability we tried several popular programs for calculation of molecular energy (Guerois et al., 2002; Simons et al., 1999; Van Der Spoel et al., 2005; Webb and Sali, 2016) , however, these tests led to contradictory results. Therefore, we introduced an empirical scoring function that is a product of several scores reflecting specific interactions that are essential for b-arcade formation such as, for example, steric tension inside the b-arcs revealed by energy evaluation programs and interactions of charged residues that were evaluated by stereochemical analysis to determine whether these side-chains can form salt-bridges or remain uncompensated inside the b-arcade structure. The benchmark results showed the superior performance of ArchCandy over the existing programs in distinguishing between naturally occurring amyloidogenic and nonamyloidogenic sequences, and in localizing of the amyloidogenic regions within the protein (Ahmed et al., 2015; Roche et al., 2017) .
Typically, the amino acid sequence forming the b-arcade structure contains 15-20 residues. However, it is known that the amyloidforming regions of many functional and disease-related amyloids/ prions are significantly longer than 20 residues. For example, in yeast prion protein Sup35 it is supposed to vary from 20 to more than 100 residues (Bondarev et al., 2013; Chang et al., 2008; Gorkovskiy et al., 2014; Luckgei et al., 2013; Shewmaker et al., 2009; Toyama et al., 2007) , in yeast prion Ure2p it is more than 50 residues (Baxa et al., 2007; Kryndushkin et al., 2011) in PrP-about 70 or 120 residues (Groveman et al., 2014; Helmus et al., 2011) , in a-synuclein-from 30 to 60 residues (Atsmon-Raz and Miller, 2015; Dearborn et al., 2016; Der-Sarkissian et al., 2003; Tuttle et al., 2016; Vilar et al., 2008) , in amylin (Weirich et al., 2016) it is about 30 residues, in huntingtin-over 40 residues (Bugg et al., 2012; Isas et al., 2015; Miettinen et al., 2014) . One of these long amyloidogenic regions was found in fungal HET-s prion (Wasmer et al., 2008) . This region folds in 2-coil b-solenoid fibrils, which stack axially to form amyloid fibril. However, in accordance with the experimental studies, most of these cross-b amyloid fibrils have an in-register parallel b-structure. The large amyloid-forming regions with the in-register parallel b-structure evoke structural arrangements consisting of several adjacent b-arcades forming superpleated b-structures (Atsmon- Raz and Miller, 2015; Baxa et al., 2006; Colvin et al., 2016; Helmus et al., 2011; Groveman et al., 2014; Kajava et al., 2004 Kajava et al., , 2005 Shewmaker et al., 2009; Siddiqua et al., 2012; Vilar et al., 2008; Weirich et al., 2016; Xiao et al., 2015) . In these structures, each polypeptide chain has a serpentine fold, and successive serpentines are stacked in register, one on top of the other (Fig. 1) . This arrangement generates an array of elongated parallel b-sheets, each composed of identical strands and aligned with the fibril axis. The ArchCandy program (Ahmed et al., 2015) can detect amyloidogenic regions in these proteins and suggests a set of possible b-arches in these regions. However, frequently, the number of the b-arches predicted throughout the amyloidogenic region is so high that it makes manual merging of the individual b-arches into b-serpentines impossible. Furthermore, even, if the set of b-serpentines is obtained, the scores allowing ranking of the b-serpentines by order of preference need to be developed. In this work we present a computer program and webserver 'BetaSerpentine' that predicts possible b-serpentine arrangements of adjacent b-arches and ranks them based on the newly developed scores in order of preference.
Algorithm

Scoring function of b-serpentines
The ArchCandy program predicts individual b-arches. This prediction is necessary but not sufficient for the subsequent prediction and ranking of b-serpentines. To use ArchCandy results for the b-serpentine construction the following additional issues need to be taken into consideration: compatibility of b-arches, compactness and twist of b-serpantines. These b-serpentine specific contributions are expressed by the corresponding scores. The final scoring function of the b-serpentine (S BS ) represents a product of several specific scores (Eq. 1). The values of the total and specific scores range from 0 (improbable candidate) to 1 (highly probable candidate). The specific scores are described in next sections.
This score has two values (compatible-1 and incompatible-0). It is aimed to distinguish between b-arches that, due to their topology, either can or cannot form b-serpentines. If the second b-strand of a b-arch shares a common region with the first b-strand of the next b-arch, depending on how they overlap, their unification can lead to two different arrangements ( Fig. 2A and B) . One arrangement is the b-serpentine (S C ¼ 1) while the other one generates so called b-helical or b-solenoid structures (S C ¼ 0). BetaSerpentine program selects only the pairs of b-arches with S C ¼ 1. In addition, among the selected pairs, it accepts only those that have a b-strand with at least two residues in common ( Fig. 2C , but not D).
Scores of compactness (S COMP1 and S COMP2 )
An original ArchCandy score takes into consideration compactness of an individual b-arch by calculating its ratio of the solvent-accessible surface to the excluded volume. The b-arches have an almost constant width that is determined by the distance between two b-sheets. Therefore, the compactness of b-arches depends only on the lengths of b-strands. In ArchCandy, b-arches with very long b-strands are penalized by the 'compactness' score (Ahmed et al., 2015) . As concerns the b-serpentines, in addition to the b-strand length, the compactness also depends on its width (the number of b-strands in the serpentine). Therefore, in BetaSerpentine we turn off the original compactness scores of ArchCandy for the individual b-arches (for details see description of mean b-arch score) and, instead, use two new scores for the b-serpentines compactness. The first score (S COMP1 ) evaluates the ratio of the solvent-accessible surface to the excluded volume of b-serpentine by using the following approach. The collinear arrangement of b-strands usually leads to the rectangular shape of the b-serpentine cross-section (Fig. 3A) . In this case, the most compact shape of a b-serpentine will be a square. Therefore, S COMP1 is based on the comparison of the perimeter of the cross-section of the evaluated b-serpentine (P) to the perimeter of a square having the same excluded area (A) as this b-serpentine (Eq. 2).
To calculate the perimeter (P) and the excluded area (A) of the analyzed b-serpentine cross-sections we used the approximation shown on Figure 3A . As an example, Figure 3D shows the dependence of S COMP1 on the number of b-arches and length of their b-strands calculated for b-serpentines with b-strands of the equal lengths ( Fig. 3C ). The second score of the compactness (S COMP2 ) takes into consideration the difference in length between two neighboring b-strands (dl i ) (Fig. 3A) . The bigger is this difference À P dl i Á , the more jagged the contour of the cross-section is, the less is the compactness of the b-serpentine. The S COMP2 was calculated by using an Equation 3 where L is a sum of the lengths (l i ) that include a b-strand with its b-arcs (Fig. 3A) . The S COMP1 and S COMP2 reflect different aspects of the compactness (general shape and surface contouring) and, therefore, both scores are required to avoid b-serpentines with high ratio of the solvent-accessible surface to the excluded volume.
Twist score (S T )
Usually, the amyloid/prion protofibrils have a slight left-handed twist (Baxa et al., 2006; Knowles et al., 2012) . This axial twist per 0.47-nm step of the stack is the same for a given fibril and range from about 0.5 to 4 in different fibrils. In our analysis, we fixed the twist angle at the mean value of 1.8 to estimate the effect of the twist on the b-serpentine arrangements. Although, strictly speaking, the usage of one twist angle for all fibrils is not correct, nowadays it is the most appropriate way for the evaluation of this effect. At a given twist, peripheral parts of big b-serpentines can be displaced relative to each other so far apart that it leads to the energetically unfavorable breaks of b-structural H-bonds (Fig. 3B ). To penalize this displacement, we introduced a twist score (S T ) that was calculated as in Equation 4. In this equation d is a maximal displacement of polypeptide chains caused by the fibril twist (Fig. 3B ).
The parameters of this equation were selected empirically. The graphs of the S T dependence on the b-strand length and number of b-arches in the b-serpentine with equal length of b-strands are shown on Figure 3E .
Mean b-arch score (S MA )
The ArchCandy program predicts b-arches and ranks them by b-arch scores that are a product of several scores reflecting specific interactions (Ahmed et al., 2015) . Mean b-arch score (S MA ) of BetaSerpentine program uses modified b-arch scores of ArchCandy. The modification consists of the removal of the compactness score S ALi of ArchCandy from its general scoring function. In Equation 5, used to calculate the S MA , N is a number of b-arches in b-serpentine, S Ai -score of ith b-arch (imported from ArchCandy) and S ALi -the compactness score of the same b-arches counted according to Ahmed et al. (2015) .
Strategy of b-serpentine selection
In contrast to the ArchCandy, the objective of BetaSerpentine is not the detection of the amyloidogenic regions but the reconstruction of all possible b-serpentine arrangements within an analyzed protein sequence. For this purpose, the BetaSerpentine program takes into consideration all b-arches found by ArchCandy with the scores that are over zero (default ArchCandy threshold is 0.575). Then graphs of the b-arch compatibility in b-serpentines are constructed (Fig. 4) . The nodes of the graphs correspond to the individual b-arches and the edges between the nodes indicate that they are compatible (S C ¼ 1). The search for b-serpentine arrangements can start from any given b-arch (any node in the graph). After that, a set of twoarch serpentines ('minimal serpentine') is generated from the starting b-arch and b-arches that are compatible with it. The number of the two-arch serpentines equals to the number of edges of the selected node on the graph (Fig. 4) . For each of these minimal serpentines, the S BS is assigned. At the next step, the program checks each of the minimal serpentine for their ability to merge with the third adjacent b-arch. The program recalculates the S BS for each new combination of three b-arches and retains only the ones that have the S BS higher (or equal) than the previous two-arch b-serpentine. Otherwise, the growth of the b-serpentine stops. All selected b-serpentines originated from a given starting b-arch are stored. Then the same procedure is repeated for the other starting b-arches one by one. Obviously, at the end, some b-serpentines may be identical, and, therefore, the program retains only one of them in the final set. Visual inspection of the predicted b-serpentines revealed that most of the arrangements with the S BS lower than 0.2 are either not compact or composed of only b-arches with very low individual scores. Therefore, all b-serpentines with S BS below 0.2 were excluded.
Functionality of online version of the BetaSerpentine program
The online version of BetaSerpentine program is available on http:// bioinfo.montp.cnrs.fr/b-serpentine. Source code of the program implemented in python and supported on Linux and MS Windows is available at git.hub repository (github.com/stanislavspbgu/ BetaSerpentine). The input for the program is a protein sequence in plain text or in FASTA format. User can specify two thresholds: (1) for the ArchCandy scores of individual b-arches that are used for b- serpentines construction, and (2) for the general b-serpentine score. We recommend the following protocol for the BetaSerpentine usage: firstly to detect the amyloidogenic region(s) in a given protein by using ArchCandy program or according to experimental data; and secondly to submit sequences of these regions to BetaSerpentine by choosing zero value for the score of individual b-arches and 0.2 for the general b-serpentine score. When it is necessary to reduce the execution time and the number of predicted b-serpentine arrangements it is advisable to increase both thresholds.
The online version filters input sequences of less than 18 residues as they are considered too short to form b-serpentines and sequences with a very big number of b-arches (see next section for the details). The output comprises a list of b-serpentines with information about their scores and locations and can be analyzed directly in the browser or downloaded as a text file. Besides this, the output contains a consensus plot that merges information from all predicted b-serpentines (see next section for the details). The b-serpentine arrangements and consensus plot can be downloaded as colored images.
Results and discussion
Number of predicted b-serpentines per protein and program execution time
We tested BetaSerpentine performance on a set of amyloid forming proteins (Table 1) . For each of these proteins, two sets of b-arches, differing in the threshold (0.575-default ArchCandy and 0.0-default BetaSerpentine thresholds) were analyzed. The total number of predicted b-serpentine arrangements for different proteins varied from 9 to more than 150 000 (Table 1) . A large number of different structures in the analyzed proteins agrees with an observed polymorphism of amyloid fibrils (Anderson et al., 2006; Baxa et al., 2006; Cobb et al., 2014; Diaz-Avalos et al., 2005; Gath et al., 2014; Wiltzius et al., 2008) though, in general, BetaSerpentine predicts an excess of b-serpentines in comparison to ones that are formed in reality. Several ways to reduce this excess are described in the next section.
The program analyses most of the proteins within a few minutes (Table 1 ). Our tests showed that time required for the analysis of one protein correlates with the maximal number of b-arches per residues in the analyzed protein (Table 1 ). The online version of BetaSerpentines has limits on the maximal number of b-arches per residues equals to 80 (because for those rare proteins the analysis can take over 10 min, Table 1 ), and on the calculation time, the process is stopped after 10 min. Nevertheless, prediction of b-serpentines for such proteins (for example, Rnq1) is still possible but with an increased b-arch threshold which reduces the number of b-arches in the input (Table 1) . To reduce the execution time, it is also instrumental to analyze only the known amyloidogenic region instead of the complete protein sequence (for example, Ab, not APP, Sup35N not Sup35 in Table 1 ). The execution time also depends on the complexity of the analyzed amyloidogenic sequences. For example, due to the bigger number of individual b-arches predicted by ArchCandy, a 36 residue long polyQ peptide needs twice more time than 42 residue Ab peptide with normal complexity (Table 1) . Additional glutamine residues were inserted into the sequence of huntingtin (P42858).
Consensus b-serpentine plot
For some proteins, BetaSerpentine predicts hundreds and even thousands of b-serpentines that complicates the analysis of the results. In this context, it is useful to generate a consensus b-serpentine structure that summarizes all the b-serpentines of a given protein. The program produces the consensus b-serpentine by using the following algorithm. First, it counts number of all predicted b-strands and b-arcs in a given amino acid position of the protein. Second, it calculates Delta SA score which represents the difference between the b-strand and b-arc numbers. In the consensus b-serpentine, the evaluated residue is in the b-strand if Delta SA is positive, otherwise, we assign b-arc to this residue.
For evaluation of statistical significance of such prediction BetaSerpentine uses Fisher's exact test. We estimated frequencies of occurrence of b-strand (f b ) and b-arc (f a ¼ 1 À f b ) for each of 20 amino acids in the set of random sequences (for details see Supplementary Fig.  S2 ). BetaSerpentine calculates P-value by comparing numbers of b-strands and b-arcs obtained for a given position of the analyzed protein with the expected numbers for this amino acid type in the random sequences (Supplementary Fig. S2 ). Our analysis revealed that BetaSerpentine predictions of the consensus structure differ from the ArchCandy predictions and have higher statistical significance ( Supplementary Fig. S3 ).
Reconstruction of the structural arrangement of amyloids based on experimental data and BetaSerpentine prediction
To demonstrate the usefulness of BetaSerpentine we compared its prediction to the structural arrangements of amyloids formed by amylin (Alexandrescu and Paci, 2013; Bedrood et al., 2012; Kajava et al., 2005; Luca et al., 2007; Wiltzius et al., 2008) , a-synuclein (Gath et al., 2014; Heise et al., 2005; Vilar et al., 2008) , RIP1 and RIP3 (Kajava et al., 2015; Li et al., 2012) , which were obtained based on the experimental data, including solid-state NMR (nuclear magnetic resonance) data. For each amyloid, we could find a predicted b-serpentine(s), which is in a good agreement with the experimental data. We also proposed an approach for reconstruction of amyloid structures based on results of mutagenesis analysis taking the Sup35 protein as an example. In the next sections, we present these examples. It worth mentioning that the BetaSerpentine prediction does not cover the entire spectrum of possible amyloid topologies. For example, the PDB contains several non-serpentine amyloid structures representing several long b-arcade structures (Lührs et al., 2005; Sgourakis et al., 2015) and a more complicated Greek-key topology (Tuttle et al., 2016) . The single b-arcade structures can be predicted by ArchCandy (Ahmed et al., 2015) . BetaSerpentine predicts b-serpentine topologies over the regions of the non-serpentine amyloids from PDB ( Supplementary Fig. S4 ), and one can consider it as a false-positive prediction. However, given the fact that the structures of amyloids are highly polymorphic, the difference in the prediction can also be interpreted as follows: predicted b-serpentines may exist as variants of several possible amyloid structures. For example, the PDB contains only a Greek-key model of a-synuclein fibrils, while the other solid-state NMR data suggests different topologies (Gath et al., 2014; Heise et al., 2005; Vilar et al., 2008) . Finally, the prion domain of the Het-s protein ( Supplementary Fig. S4 ) represents a special case of a false positive prediction. It contains a repetitive sequence motif, which favors formation of a b-solenoid, making formation of the b-serpentine fold less probable (Kajava et al., 2015) .
b-Serpentines in amyloid fibrils of human amylin
Based on the experimental data, different structural models of the human amylin (or islet amyloid polypeptide, IAPP) have been proposed (Alexandrescu and Paci, 2013; Bedrood et al., 2012; Kajava et al., 2005; Luca et al., 2007; Wiltzius et al., 2008) . They agree on parallel inregister stacking of b-strands but differ in the number and positions of these b-strands. This difference may be caused by variation in protocols of amyloid fibril preparation and formation of different polymorphic structures. In the most recent study, solid-state NMR experiments showed that the recombinant human amylin has three or four b-strands in its highly homogenous fibril preparation (Weirich et al., 2016) . The first seven residues of the amylin are not a part of the fibril core because they form a disulphide bonded loop conformation, that is incompatible with the packing of the amyloid structure (Goldsbury et al., 2000) . The analysis of the human amylin sequence (residues 8-37) by BetaSerpentine suggested 342 b-serpentine arrangements with mostly three b-strands, sometimes, four b-strands. The NMR data showed that the central 23-FGAILS-28 region is a part of a b-strand, while residues N21 and S29 are located in the b-arcs (Weirich et al., 2016) . Mapping the BetaSerpentine prediction onto these NMR data decreases the number of possible b-serpentines to ten arrangements with three b-strands. One of these b-serpentines with the highest scores (Fig. 5A ) corresponds to the previously suggested superpleated b-structural model of amylin (Kajava et al., 2005) .
b-Serpentines in amyloid fibrils of human a-synuclein
The fibrils of a-synuclein exhibit cross-b structure, as demonstrated by X-ray fiber diffraction and electron diffraction (Serpell et al., 2000) . According to electron paramagnetic resonance studies, the b-sheets are formed by parallel and in-register b-strands (Chen et al., 2007; Der-Sarkissian et al., 2003) . Hydrogen/deuterium exchange NMR spectroscopy and solid-state NMR data suggested that the core region of the amyloid fibrils comprising residues 35-96 and identified 5-6 b-strands within the fibril core (Gath et al., 2014; Heise et al., 2005; Vilar et al., 2008) . Furthermore, the solid-state NMR experiments suggests that within the same polypeptides chain b1-strand interacts with b2, b2 with b3, b3 with b4 and b4 with b5 (Vilar et al., 2008) . Mass-per-length data from scanningtransmission electron microscopy gave one subunit per a crosssection of a protofibril (Dearborn et al., 2016) . This combination of the known experimental data leads to the b-serpentine folds of a-synucleine that may cover 35-96 residues and contain 5 or 6 b-strands. However, possible detailed arrangements were not proposed.
BetaSerpentine predicts 723 b-serpentines within residues 35-96 with the consensus arrangement of 5 b-strands (Fig. 5) . Mapping five b-strands of the consensus profile onto the NMR determined ones shows a good fit. One of the predicted b-serpentines with a good agreement to the NMR data is shown on Figure 5 .
3.3.3
Identification of common b-serpentines for co-aggregating RIP1 and RIP3 proteins Different proteins can co-aggregate in a common amyloid fibril upon some conditions. For instance, RIP1 and RIP3 proteins coaggregation mediates a key interaction of mammalian necroptosis signaling (Li et al., 2012) . These two proteins possess an evolutionary conserved RHIM motif (Fig. 6B) which plays a crucial role in their aggregation (Li et al., 2012) likely due to a stacking of similar b-serpentine domains of RIP1 and RIP3 along the common fibril axis (Kajava et al., 2015) . Thus, one can expect that the most similar b-serpentine arrangements between RIP1 and RIP3 predicted by BetaSerpentine are the most probable candidates for the RIP1/RIP3 fibrils. The comparison of RIP1 and RIP3 arrangements predicted for different species revealed one common b-serpentine (Fig. 6C) . It is worth mentioning that this common b-serpentine arrangement also explains well the conserved residue pattern of the RHIM motif and the solid-state NMR data obtained for the structure of RIP1 within the amyloid fibrils (Li et al., 2012) . Hereby, the application of BetaSerpentine program in combination with the structural constraints, which are linked to the co-aggregation of different proteins within the amyloid fibril, can be used for interpretation of the results and formulation of structurally sound hypothesis.
3.3.4 Reconstruction of amyloid structure of the Sup35 protein based on data of mutagenesis analysis The Sup35 protein is a release factor of yeast Saccharomyces cerevisiae (Zhouravleva et al., 1995) , but nowadays it is widely studied as a prionogenic protein which is essential for the [PSI þ ] prion propagation (reviewed in Liebman and Chernoff, 2012) . Sup35 can form amyloid fibrils in vitro (Glover et al., 1997; King et al., 1997) . A consensus model for these fibrils is the parallel and in-register superpleated b-structure formed by a stack of b-serpentines (Kajava et al., 2004) . The Sup35 can form fibrils with different structures. This difference leads to distinct prion variants with specific phenotypic manifestations (Chang et al., 2008; Derkatch et al., 1996; Diaz-Avalos et al., 2005; King, 2001; Tanaka et al., 2004; Toyama et al., 2007) . A dozen of different variants of the [PSI þ ] prion are described in literature (Bateman and Wickner, 2013; Bondarev et al., 2013; Derkatch et al., 1997; Huang et al., 2015; King, 2001; Lin et al., 2011; Tanaka et al., 2004) . Such polymorphism hampers structural reconstruction of Sup35 aggregates. A solution of this problem can be the combination of methods of classical genetics with bioinformatics predictions. Structural differences in Sup35 prion aggregates, namely, the difference in the b-serpentine arrangement, can lead to different effects of sup35 mutations on the stability of [PSI þ ] variants (Bondarev et al., 2015; Chang et al., 2008; Derkatch et al., 1999; King, 2001; Toyama et al., 2007) . Thus, identification of a b-serpentine, which can explain effects of all mutations known for a given prion variant is a possible way to establish structure of this specific variant (Fig. 7A) . For example, we tested this approach for reconstruction of Sup35 amyloid structure for a [PSI þ ] variant in 74-D694 yeast strain, since
for it a set of prion destabilizing mutations was described (DePace et al., 1998; Doel et al., 1994) . According to the BetaSerpentine prediction, the Sup35 protein may form thousands of different b-serpentines. The challenge was to find among them those arrangements that may exist in vivo. In principle, if a certain mutation destabilizes the prion, the corresponding protein is not able to maintain existing structure of the aggregate. In case of above mentioned mutagenesis analysis subtraction of thousands of b-serpentines predicted for Sup35 proteins with investigated substitutions from the thousands structures found for the wild type protein results in only three arrangements. Each of these three b-serpentines is incompatible with all described destabilizing mutations and, therefore, is a candidate for the Sup35 amyloid structure in 74-D694 strain. One of them with the highest S BS is presented on Figure 7B . Importantly, our conclusions are based on data obtained in vivo, therefore, the predicted amyloid structures may be present in living cells. This approach, which combines mutagenesis analysis with BetaSerpentine prediction, is not limited to the Sup35 protein and can be used for the establishment of the structural arrangement of any other amyloid-forming proteins.
Conclusion
Numerous experiments have been demonstrated that extended amyloidogenic regions in many proteins form b-serpentines, which stack to form the superpleated b-structure. However, the polymorphism of amyloid fibrils and incompleteness of experimental data hamper the determination of their structure at the atomic level. In this work, we present an algorithm and webserver BetaSerpentine that reconstructs probable b-serpentine arrangements from individual b-arches predicted by ArchCandy program. In the present version of BetaSerpentine, these b-serpentine arrangements contain information about position of b-strands and b-arcs, types of b-arcs, as well as location of the side-chains either inside or outside of the structure. This information is necessity and sufficient for the detailed atomic 3D structure reconstruction of the predicted b-serpentines (Ahmed et al., 2015) . Since it would be useful to automatize the modeling of these molecular structures, we plan to add a such module in the next version of the program. We tested the performance of the program on the published experimental data of amylin, a-synuclein and RIP1/ RIP3 amyloids. It was shown that the BetaSerpentine program in combination with the incomplete structural experimental data can be used to get insight into the detailed 3D structure of the amyloids. In addition, application of the BetaSerpentine taking into consideration effects of the known sup35 mutant alleles on stability of the [PSI þ ] prion showed its utility for the determination of amyloid structures likely present in living cells. Thus, BetaSerpentine opens avenues to the reconstruction of amyloid structures based on interpretation of the experimental results, especially, solid state NMR data. Furthermore, in cases where no structural experimental data are available, application of this computer program may lead to formulation of structurally sound hypothesis and design of new experiments for the understanding of amyloidogenesis. Apart from its biological and biomedical implications, enhanced knowledge of amyloid structures should open new ways in the growing field of nanotechnology and the structurebased design and functionalization of nanofibers. . In principle, proteins from D sets are not able to maintain existing structure of aggregates. Thus, the structure of interest should be in WT set but not in D set, so this arrangement is in complement of D in WT. In contrast, the protein with no effect substitutions can have the same b-serpentines with the wild type one, therefore, the structure of interest is in the intersection of WT and N sets. (B) The b-serpentine with the highest score that explains effects of known sup35 mutations in 74-D694 [PSI þ ] strain (substitutions N8D, N8S, N9K and Q24R, N12K, Q14R, Q15R, Q15R and Q33L, G20D, Q22R, Q24R, Q24R and N26D, G58D) (DePace et al., 1998; Doel et al., 1994) 
